A surface bidirectional reflectance model has been developed for the correction of surface bidirectional effects in time series of satellite observations, where both sun and viewing angles are varying. The model follows a semiempirical approach and is designed to be applicable to heterogeneous surfaces. It contains only three adjustable parameters describing the surface and can potentially be included in an algorithm of processing and correction of a time series of remote sensing data. The model considers that the observed surface bidirectional reflectance is the sum of two main processes operating at a local scale: (1) a diffuse reflection component taking into account the geometrical structure of opaque reflectors on the surface, and shadowing effects, and (2) a volume scattering contribution by a collection of dispersed facets which simulates the volume scattering properties of canopies and bare soils. Detailed comparisons between the model and in situ observations show satisfactory agreement for most investigated surface types in the visible and near-infrared spectral bands. The model appears therefore as a good candidate to reduce substantially the undesirable fluctuations related to surface bidirectional effects in remotely sensed multitemporal data sets. 
[e.g., Kriebel, 1978; Kimes, 1983; Kimes et al., 1985 ; Deering and Leone, 1986], considerable attention has been given in recent years to the elaboration of analytical and nonanalytical models of these effects (see the review by Goel [1988] ). We restrict the discussion here to analytical models, which are the only models of relevance for the sensor data correction problem. Some of them are based on the analysis of the geometrical structure of reflectors at the surface [e.g., Egbert, 1976 Egbert, , 1977 All these models are, however, devoted to the examination of thematically homogeneous surfaces, whereas a pixel of a satellite sensor, whose size ranges from tens of meters to a few kilometers, contains generally a heterogeneous mixture of bare soils and vegetation canopies. Moreover, the number of surface parameters of these models, generally greater than or equal to 5, turns out to be too high in practice for the correction of sensor data. For example, few AVHRR data can be obtained usually within a period comparable to the vegetation evolution time scale, about 10 days, principally because of cloud contamination. This number of sensor data is generally too small to statistically adjust a large number of parameters. The empirical models of Minnaert [1941] , Walthall eta!. [1985] , and Shibayama and Wiegand [ 1985] contain 2, 3, and 4 parameters, respectively; however, their empirical nature makes them difficult to apply to a wide variety of targets. Moreover, the first of these models does not contain any dependence upon the relative azimuth between the sun and viewing direction, which is a major shortcoming, and the two latter models do not satisfy the reciprocity conditions, by which the bidirectional reflectance should remain invariant by inverting the sun and view directions.
The present paper describes a semiempirical model of surface reflectance bidirectional effects, which intends to overcome the above mentioned difficulties. The model contains three parameters, a number sufficiently small to normalize a time series of sensor data in a relatively small period of observation. Simple physical representations of the surface are used as a guide to obtain the functional dependence of the surface reflectance upon the sun and view angles. A series of assumptions is then made to reduce the number of surface parameters to three, and to linearize the model as a function of its surface parameters to make it easily applicable to heterogeneous surfaces.
The model is developed in section 2 and is compared in detail in section 3 with a series of in situ measurements of bidirectional reflectance over a wide variety of surface types. Section 4 discusses the possibilities of application of the model to the normalization of time series of sensor data.
BIDIRECTIONAL REFLECTANCE MODEL

General Considerations
The concepts of our model have been guided by the examination of the comprehensive set of observational data and associated physical pictures which have been published in the literature [e.g., Hapke and van Horn, 1963; Coulson, 1966; Coulson and Reynolds, 1971; Kriebel, 1978; Eaton and Dirmhirn, 1979; Kimes, 1983; Kimes et al., 1985 Kimes et al., , 1986 Deering and Eck, 1987] . According to these works, the observed bidirectional diagrams show specific and repetitive signatures. One important signature of many bare soils and canopies is to have strong backscattering characteristics. This is interpreted as an effect of the geometrical structure of reflectors on the surface [Egbert, 1977; Kimes, 1983] ; as the sensor direction moves away from the solar direction, the reflectance decreases, since two phenomena occur in the sensor's field of view. First, the relative proportion of shadowed surfaces increases, and second, the proportion of viewed facets with normals that deviate from the solar direction increases, causing decreased solar irradiance on these facets. Another important signature, occurring in particular for dense canopies, is at all sun angles and spectral bands a minimum reflectance near nadir viewing, and increasing reflectance with increasing off-nadir view angle for all view azimuth directions. (The hot spot phenomenon, mentioned later in the text, is an exception to this general behavior.) This is thought to be caused by the shading of lower canopy layers by components in the upper layers and by viewing different proportions of the layer components as the sensor view angle changes [Kriebel, 1978; Kimes, 1983 A discussion of the involved length scales seems appropriate at this stage. We can identify two observational length scales, which are the sensor pixel scale, from tens of meters to a few kilometers, and the ground radiometer length scale, from about one meter to a few meters, hereafter referred to as the subpixel scale or subpixel surface. Within the sensor pixel scale, the Earth's surface is frequently highly heterogeneous, while the surface is generally thematically homogeneous at the subpixel scale. However, even "homogeneous" surfaces at the subpixel scale are in fact highly heterogenous at smaller scales, with the presence of stalks, leaves, ears, buds, etc., and soil roughness at various scales. The geometrical and volume components identified above may operate at various length scales. Opaque structured features with associated shadows exist at relative large scales (shadows of trees, stalks, stones). They also exist on microscales (larger than a few microns) associated with soil or leaf roughness [Irvine, 1966] . The facets of the volume component have a dimension which ranges from the size of leaves of a canopy (a few centimeters) down to the size of microdust in bare soils (a few microns).
Estimate of the Geometric Scattering
Component Pgeom
The geometric scattering component is evaluated by assuming that the subpixel surface contains a large number of identical protrus.ions (Figure 1) , the average horizontal surface associated with each protrusion being S. Each protrusion is modeled by a vertical wall of height h, width b, and length l much larger than b and h (see the appendix). The long-wall protrusion shape has been chosen for convenience to permit an easy analytical reduction of the equations. The exact protrusion shape should not be of importance anyway, since the macroscopic bidirectional behavior of the pattern has been found by Egbert [1977] to be rather insensitive to the adopted protrusion shape. Each illuminated surface of the protrusion and of the background is assumed Lambertian The single scattering approximation is valid when the absorption coefficient of the facets is high, which is the case of leaves in the visible spectral band, and probably of most dust particles of bare soils. This approximation is not valid, however, for leaves in the near-infrared spectral band characterized by a relatively low absorption. But it has been shown that the additional interactions due to successive scattering orders have a bidirectional signature whose amplitude decreases sharply as the scattering order increases [Rondeaux, 1990] . Thus, in a first approximation, the multiple scattering interactions tend to add to the single scattering radiant field a significant but roughly isotropic contribution [Rondeaux, 1990] . As a result, the modeling of bidirectional effects proposed in (3)-(6) remains approximately valid, the isotropic contribution resulting from multiple scattering being included in the Lambertian term P0-We make at this point two further approximations.
1. Considering that the model must be a linear function of its surface parameters to be able to extend the model to the heterogeneous surface situation, we choose to approxi- certainly good for optically thick media (F >> 1), where the exponential term may be neglected in front of 1, and for F close to zero, where both approximate and exact functions vanish. This approximation is rather gross for F -< 1, with induced relative errors which can reach 50% in the most unfavorable configurations, when both 0,, and Os are small. A better approximation in that case would be to take the optically thin approximation rios, 0,,) = (F/2)/cos Os cos 0,,, whereas our simpler function reduces when F << 1 to bF/(cos Os + cos 0,,). The two latter functions both increase monotonically with 0s and 0,,, but are somewhat different. However, numerical tests using these two functions alternatively against the observational measurements described in section 3, have led to quite comparable correlation results. Note also that it has seemed to us preferable to describe more accurately the optically thick domain rather than the optically thin one, since the relative contribution of the volume component to the total reflectance is expected to be weaker in the optically thin case. 2. Second, in an attempt to reduce the number of free parameters, we take r = t, an assumption which appears reasonable for leaves both in the visible and near-infrared regions, but may become questionable for dust particles of 
Complete Model Expression
The final step for the completion of our model is to combine the geometric and volume components described in sections 2.2 and 2.3. This combination is made in an empirical way, by assuming that the bidirectional reflectance p(0s, 
Properties of the Model and Discussion
The linearity of (10) 
to the above-mentioned surface parameters. When carrying out the integral of (14) with the expression of (10) for 9(Os, 0,,, 0), the following predictive relation is [Hapke, 1963 [Hapke, , 1986 . Such a scaling suggests that the angular width of the hot spot is rather small, of the order of a few degrees, for current Earth canopies and bare grounds, which is confirmed by observations [Gerstl, 1988] . Since in remote sensing the sensor viewing configuration rarely coincides with the hot spot geometry, omitting this hot spot feature in the volume component of our model has limited consequences. Note besides that the geometric component Pgeom (1) of our model has a local maximum in the hot spot geometry for sufficient sun elevation (section 2.2), since this particular geometry minimizes the amount of unviewed illuminated areas of the protrusion system with a total absence of apparent shadows.
COMPARISON WITH OBSERVATIONS
Comparison Protocol
The model has been tested against the in situ observations of Kimes [1983] and Kimes et al. [1985, 1986] , which describe a wide variety of surface types and locations. Kimes [1983] has reported on measurements of bidirectional reflectance over different test sites, plowed field, corn field, orchard grass and grass lawn, near Beltsville, Maryland. In situ experiments were also made in northern Africa on various surface types, which have been labeled annual grassland, hard wheat, steppe, irrigated wheat, and soybean Table 1 . Table 1 shows that the model agrees reasonably well with the observations, since among the 22 investigated cases (11 surface types with two spectral bands), 19 have a correlation coefficient R 2 which ranges from 0.51 to 0.91. The proportion is 15 out of 22 with R 2 > 2/3, and nine out of 22 with R 2 > 0.80. We may consider that, for the sensor data correction and normalization problem, these results are quite satisfactory with regard to other sources of noise which affect space sensor data (atmospheric corrections, for example) and which also affect the in situ observations (data contamination by sky radiation, for example). There is some tendency to have better results for small vegetation coverage (less than 20%) rather than for high vegetation coverage (larger than 75%).
The behavior of the model as compared to the observations is illustrated in Figures 6, 7 , and 8 corresponding to the cases of a plowed field, absence of vegetation, and a hard wheat field, respectively, representing a low LAI situation, and an irrigated wheat field, representing a relative large LAI situation (Table 1) In contrast, the case of the forests in the near infrared is characterized by a high magnitude of bidirectional effects (r5ob s of the order of 6-8%) together with a weak correlation (R 2 < 0.30) between model and observations. In fact, the analysis shows that the correlation coefficient R 2 increases up to acceptable values, in the range 0.50-0.80, when the original data set made of data acquired with three solar zenith angles Os is subdivided into two data subsets, the first with the two Os larger than 40 ø, and the second with a unique Os • 25 ø (see Table 2 Units of parameters are the same as those in Table 1. associated with the two subsets are then markedly different. This latter result suggests that as the radiation source moves toward the vertical direction, the contribution of the lower layers of the forest, more and more illuminated, becomes quite important and produces a significantly different bidirectional behavior than the upper layers formed by the trees.
The application of our model to forest surfaces might therefore be questionable when used with a large range of sun angles.
As expected, the k 0 parameter, which represents the surface reflectance when both sun and sensor are at nadir, tends to decrease as LAI increases in the visible band, while no such tendency is seen in the near-infrared band. As also expected, the k l parameter, which determines the magnitude of geometric and shadowing effects, is significant only when LAI is weak (<0.5), and becomes negligible for larger LAI. The k• parameter has been set to zero in Table 1 Interestingly, the ratio k l/ko, which roughly scales as hl/S at small LAI in our model, and thus should be independent of the spectral band, does satisfy this prediction, since k•/k o has nearly the same value (to within 7%) in the two spectral bands of Table 1 for the plowed field and annual grassland cases (vegetation cover less than 4%).
The k 2 parameter takes rather high values in the two spectral bands for both small and large LAI cases. This suggests that volume effects on the reflectance are significant for all surface types, vegetated or not. It is obvious that volume effects should be dominant in dense vegetation canopies. The fact that these effects are also important in bare soils is clearly established in our data; we have thus verified, in the example of the plowed field, that R 2 goes from 0.91 and 0.88 to 0.46 and 0.44 for the visible and near-infrared spectral bands, respectively, when the k 2 parameter is artificially forced to be set to zero. The volume effects in bare soils are likely to be due to their porosity and to the presence of microdust [Hapke, 1963 [Hapke, , 1981 .
The values of k 2 can reach 0.27 (visible) and 1.21 (near infrared) for the irrigated wheat, and 0.64 (visible) and 0.75 (near infrared) for the plowed field (Table 1) . These values are higher than expected, since according to our model, the k 2 parameter primarily stands for a facet reflectance ( 
DISCUSSION
We briefly comment on the consequences of these results for the reduction of bidirectional effects in space observations. In this study, our model has been tested against a complete data set of unitemporal in situ observations, where the retrieved parameters k0, k•, and k2 characterize the surface properties at a given date. Applications of this model to space observations such as those of AVHRR/NOAA define a more complicated task, since one terrestrial target is viewed at most once a day with different viewing angles. Even after having performed atmospheric corrections, a bidirectional model is needed to reduce the variabilities (and thus errors) [Roujean et al., 1992] . The model parameters must be derived from the observed time series, using regression techniques between the observed and modeled reflectances. This regression should be made in subperiods chosen short enough to consider the surface as time invariant, and long enough to contain a number of sensor data sufficient to apply the regression (at least four). A possibility to normalize satellite data is then to replace the original time series of observed reflectances by a time series of the k 0 parameter obtained on each subperiod of the period of observation. Since k 0 represents physically the target reflectance observed at nadir with a sun at zenith, k 0 may be called a normalized reflectance and provides a basis for the intercomparison of sensor data acquired with different viewing or sun angles. Preliminary results using this method, obtained with an atmospherically corrected AVHRR data set during a vegetation annual cycle over three vegetated and semi-arid test sites in France, have been found to be quite encouraging [Roujean and Leroy, 1991] . A more detailed experimental analysis, covering a wider variety of test sites, will be the subject of a forthcoming publication.
CONCLUSION
A new model of the surface bidirectional reflectance for the correction and normalization of remotely sensed multi-temporal data sets has been presented in this paper. Each protrusion is thus made of a vertical wall of height h, width b, and length l much larger than b and h ( Figure A1 ). Let n be the total number of protrusions on the subpixel surface and $ the average horizontal surface per protrusion. The total horizontal surface of the subpixel surface is thus nS. The space between protrusions is assumed such that mutual shadowing between protrusions can be neglected, that is to say, we consider ranges of parameters such that hlt90s -< $ and hlt90v -< $.
We assume that each illuminated surface of the system "protrusions + reference surface" is Lambertian with reflectance P0 and that the shadowed areas are absolutely dark. 
